INTRODUCTION
B chromosomes (Bs) are amongst the oldest conundrums in genetics and evolution (Wilson 1907) . These chromosomes are supernumerary to the basic (A) set and variation in their numbers produces major intraspecific genome size polymorphism. They differ from the A chromosomes in morphology and pairing behaviour and are not required for normal growth and development (reviewed by Jones and Rees 1982; Jones 1995; Jones and Houben 2003) .
The origin of B chromosomes remains obscure but it is likely that those of different organisms arose in different ways. It is has been argued that Bs could be derived from A chromosomes e.g. Crepis capillaris (Jamilena et al. 1994) , or from sex chromosomes e.g. (Sharbel et al. 1998) . The spontaneous generation of Bs following interspecific crosses has been reported e.g. in hybrids of Coix aquaticus and Coix gigantea (Sapre and Deshpande 1987) . The de novo formation of Bs is most likely a rare event, as analyses of different B chromosome variants within species suggest a close relationship between different variants (Houben et al. 1999 ).
Leiopelma hochstetteri
Most supposed B-specific sequences have been found subsequently, at least in low copy numbers, on the As of the host species or in a close relative and probably it would be more accurate to describe these as B-amplified sequences. One possible exception to this generality comes from a recent detailed study using amplified fragment length polymorphism analyses (AFLP) and fluorescence in situ hybridization (FISH) in the cyprinid fish Alburnus alburnus which has one of the largest supernumerary chromosomes in vertebrates. This B chromosome contains specific sequences with strong homology to a retrotransposon from Drosophila and medaka (Oryzias latipes). The sequence is highly abundant on the B chromosome but undetectable in the normal A chromosome complement or in the B chromosome of the 4 closely related species, Rutilus rutilus. These results suggest that the supernumerary chromosome of A. alburnus is not derived from the normal chromosome complement (Ziegler et al 2003) . In contrast, Page et al (2001) , investigating sequences isolated from the maize B chromosome (Alfenito and Birchler 1993) , found homologous sequences were confined to the centromere of chromosome 4 in the A genome. This indicates that a diversity of sequences comprise centromeric regions in maize and also suggests the centromere of chromosome 4 is related to that of the B chromosome (Page et al 2001) .
B chromosomes appear to carry very few identified genes other than commonly-occurring clusters of 18S, 5.8S and 25S ribosomal (r) RNA genes (here referred to as 45S rDNA as this is the size of the unprocessed RNA transcript). These genes have been recognised on Bs by their capacity to organise extra nucleoli (Green 1990) , by in situ hybridisation and, in a few instances, their activity has been inferred from positive silver nitrate staining (Jones 1995) . It has been argued that active nucleolus organizing regions (NORs) are visualised by silver staining (e.g. Hubbell 1985 ) and more recently Sirri et al. (2000) identified subunits of RNA polymerase I and a transcription factor (UBF) as the silver-staining proteins that remain associated with NORs at metaphase of mitosis. Until now there has been no direct molecular evidence of transcription of B chromosome DNA in any species.
In situ hybridization demonstrated the presence of ribosomal genes dispersed throughout the B chromosomes of Rattus rattus but despite the clear demonstration of silver staining NORs on the A chromosomes, no signal is apparent on the B chromosomes. The authors suggest that the accessory chromosomes of this species have originated from one of the smaller NORcarrying chromosome pairs and that, in the course of evolution, repetitive sequences invaded this supernumerary element. They suggested that its ribosomal DNA content was dispersed throughout the chromosome where it was inactivated by heterochromatinisation that precluded access by transcription factors (Stitou et al 2000) .
The B chromosomes of the Australian daisy Brachycome dichromosomatica C. R. Carter have a clear secondary constriction and a cluster of ribosomal (r) RNA genes detectable by FISH (fluorescence in situ hybridisation) that is often seen associated with a nucleolus at mitotic prophase (Donald et al. 1995) . These loci do not silver stain and Donald et al. (1997) were unable to detect a transcription product using PCR, of reverse transcribed total RNA from leaf tissue of plants containing B chromosomes, with primers specific to the internal transcribed spacer 2 (ITS2) of the B chromosome rRNA gene.
The B chromosomes of Crepis capillaris (L.) Wallr (2n = 6) were first described and investigated by Rutishauser (1960) , who recognised two B types termed monocentric and dicentric. An accession derived from the original collection contains only one type of B, a small metacentric chromosome (Małuszyńska and Schweizer 1989) , which is morphologically identical to the B chromosome present in natural populations in Britain (Parker et al. 1989) . Jones et al. (1989) studied synaptonemal complexes in C. capillaris plants derived from two British populations and found that single B chromosomes showed predominantly fold-back meiotic pairing resulting in a symmetrical univalent hairpin loop, suggesting that the B is an isochromosome. The B chromosomes paired freely and extensively within and among themselves but there was no indication of pairing with the A chromosomes ). The C. capillaris B may have originated from the standard genome because any repeated DNA sequences they contain are also present on the A chromosomes (Jamelina et al. 1994; Jamelina et al. 1995) . Histochemical silver staining and in situ hybridisation of mitotic chromosomes suggested the presence of active rDNA on both 6 ends of the B chromosomes of C. capillaris, as well as the major functional NORs located on chromosome 3 (Małuszyńska and Schweizer 1989; Małuszyńska 1990 ).
In this paper we report two C. capillaris B chromosome specific rRNA gene types that differ substantially in sequence from those located on the A chromosomes. We show the first evidence that some of these rRNA genes are transcribed in leaf and flower bud tissues. We also report the outcome of an extensive search for a possible donor species for this unique B chromosome rDNA.
MATERIALS AND METHODS
Plant Material: Achene samples of C. capillaris that originated from a C. capillaris population near Schaffhausen in which B chromosomes were first identified (Rutishauser 1960, D. Schweizer, personal communication) were provided by J. Małuszyńska (Poland).
Leaf tissue of living plants was collected directly from the sites in the north-eastern Harz region (Germany) and documented by voucher specimens (Table 1) . Herbarium material was selected from the collection of the Institute of Plant Genetics and Crop Plant Research Gatersleben (GAT), including those species naturally occurring in the surroundings of Schaffhausen, northernmost Switzerland (Heß et al. 1972) . The classification follows Babcock (1947) , Sell (1976) and Jäger and Werner (2002) .
Isolation of RNA and DNA: Total cellular RNA and DNA of C. capillaris were prepared from young leaves and flower buds as previously described (Donald et al. 1997) . DNA of herbarium specimens of Crepis species was isolated by using a DNeasy Plant kit (Qiagen).
Chromosome micro-dissection, PCR-isolation and cloning of rRNA gene sequences:
DNA was prepared from 15 micro-dissected B chromosomes according to Houben et al. (2001) . PCR was used to amplify the ITS1-5.8S-ITS2 region (the two internal transcribed spacers and the 5.8S encoding region of the rRNA gene) from micro-isolated B chromosome DNA and from total genomic DNA of 0B C. capillaris plants using the primers ITS4 (5 ' -TCC TCC GCT TAT TGA TAT GC) and ITS5 (5 ' -GGA AGT AAA AGT CGT AAC AAG G) (White et al. 1990) . PCR products were ligated into pGEM-T Easy (Promega) and propagated in E. coli strain DH5 alpha. PCR was used to amplify the C. capillaris ITS1 Sequencing and sequence data analysis: Sequence analysis of the clones was performed by the dideoxynucleotide-dye termination method. A neighbor-joining tree was calculated with maximum-likelihood distances (corresponding to the HKY85+G+I model of sequence evolution) in PAUP*4.0 (Swofford, 2002) . Bootstrap values were calculated from 200 resamples using identical settings as in the initial neighbor-joining analysis.
RT-PCR:
Total RNA isolated from leaves and young flower buds was DNased with electrophoretically pure DNase (Ambion) and 60 ng of RNA was reverse transcribed with 9 random primers. Primers P1 and A and primers P1 and B1 were used to amplify the reverse transcribed RNA as described above.
Fluorescence in situ hybridisation (FISH):
A plasmid VER17 (Yakura and Tanifuji 1983) containing part of the 18S, the 5.8S, most of the 25S and the internal transcribed spacers of the Vicia faba rRNA gene was used as an rDNA-specific probe. An Arabidopsis-type telomere probe was synthesised using PCR according to Ijdo et al. (1991) . In situ hybridisation probes were labelled by PCR with biotin-16-dUTP or digeoxigenin-11-dUTP.
Young seedlings were pretreated in iced water for 16 h, fixed in ethanol-glacial acetic acid (3:1, v/v) for 4 days at 4ºC and stored at 4ºC in 70% ethanol. Preparation of mitotic chromosomes and FISH were performed as described by Leach et al. (1995) and Houben et al. (2001) . Hybridisation sites of digeoxigenin-or biotin-labelled probes were detected using sheep anti-digeoxigenin-rhodamine -rhodamine anti-sheep antibody or the streptavidinAlexa 488 system, respectively. Epifluorescence signals were recorded with a cooled CCDcamera and image manipulations were performed using Adobe Photoshop software.
RESULTS
Fluorescence in situ hybridisation confirmed clusters of 45S rRNA genes on both ends of the B chromosomes as well on chromosome 3 of C. capillaris (Fig. 1) . The B chromosome signal strength was considerably lower than that on chromosome 3, suggesting that the Bs contribute a minority of additional rRNA genes to the cell. The rDNA signals were immediately proximal to telomere signals on the B chromosomes which were consistently brighter than those seen on the As, indicating a higher number of (AGGGTTT)n repeats on Bs ( or primer A to determine specificity for their target sequences (Fig. 3) . Primers P1 and B1
amplified the expected product of 476 bp only from templates containing B chromosome DNA, either from positive control clones of micro-dissected B rDNA (Fig 3, lanes 14, 16) or from total cellular DNA isolated from plants with 2 B chromosomes (lanes 6, 8). This primer pair was unable to amplify any product from cloned A chromosome rDNA (lanes 2, 4) or from total DNA isolated from plants lacking B chromosomes (lanes 10, 12). It was concluded that primer B1 was specific for the ITS-B1 type ribosomal repeats that contribute the majority of rDNA that is present on the B chromosome. In contrast, the primer pair P1 and A amplified a product of 608 bp from all the plant DNA samples (odd numbered lanes)
including all the control plasmid DNAs (lanes 9, 11, 13, 15) indicating that the 3 ' mismatch incorporated into primer A was insufficient, at the stringency of annealing used here, to differentiate the two types of sequence. The reliability and universality of the specific amplification of B chromosome rDNA was confirmed when the P1 and B1 primers were (Fig. 4 , odd numbered lanes) and primers P1 and B1 (Fig. 4 , even numbered lanes) were used to amplify the reverse transcribed RNA. In each sample derived from RNA of B chromosome-containing plants, a product was amplified by primers P1 and B1, that was not present in any sample derived from RNA of plants lacking B chromosomes.
This result indicates that the B chromosome rDNA is transcribed because the 45S precursor is detectable in the total RNA of leaf and flower bud tissue.
Control experiments with and without DNase treatment, and with and without an initial reverse transcription step, confirmed that the PCR products in Fig. 4 ( lanes 14, 16, 18 and 20) are unequivocally dependent upon reverse transcription of RNA molecules originating from rRNA genes on B chromosomes (results not shown).
Having established that the B chromosome rRNA genes are transcribed, we determined the level of transcript relative to the number of ITS-B1 sequences present in the genomes. This was achieved by PCR amplification using primers P1 and P2 to amplify 353 bp spanning ITS1 and part of the 5.8S gene, followed by digestion of the products with Nsi I for which there is a recognition site in ITS-B1 that is lacking in ITS-A. Figure 5 shows the PCR products before (odd numbered lanes) and after (even numbered lanes) complete Nsi I digestion. The primers were applied to genomic DNA templates of 0B (Fig. 6, lanes 1 and 2) and two independent 2B (lanes 3-6) plants. The product of the 0B plant is not digested by Nsi genes to the composite genome, assuming that the primers amplify the A and B chromosome sequences with equal efficiency. As controls to ensure that Nsi I digestion was complete and specific, DNA from an ITS-A clone (lane 7) and an ITS-B1 clone (lane 9) were amplified and digested. As predicted, the products from the former were undigested by Nsi I (lane 8) and those from the latter were completely digested into the expected fragments (lane 10). Similar experiments were performed with three of the DNased and reverse transcribed RNA samples used in Fig. 4 and the results are shown in Fig. 5, (lanes 11-16) . In no case was any Nsi I digestion of the products observable. We conclude that, whilst there is demonstrable transcription of the B chromosome rDNA, the transcripts are present in the final 45S precursor pool at undetectable levels that are therefore disproportionately low compared with the number of genes present on the supernumerary B (~10% of the total gene number per cell). Therefore, in the cellular RNA of leaves and flower buds of a 2B plant, nearly all the pre rRNA molecules are derived from the A chromosome NOR.
A search for a donor of the B chromosome rDNA: The observation that the B1 and B2 ITS regions were very significantly different from those of the A chromosome NOR suggested a search of species in central Europe that may have hybridised with C. capillaris and donated these rDNA types. The assumption was that, as in Hordeum interspecies (Kasha and Koa 1970) and some Poaceae (Laurie and Bennett 1989) or other intergeneric crosses, the chromosomes of one parent may be eliminated during embryogenesis. In most systems this leads to the formation of haploids containing only the chromosomes of one parent but the process of elimination takes some time (Thomas and Pickering 1983, Pickering 1985) and some chromatin may survive provided it becomes mitotically stable. If this event is followed by spontaneous chromosome doubling or backcrossing to one of the parents, then diploids may result in the formation of supernumerary chromosomes that may be genetically suppressed (Sapre and Deshpande 1987) . We prepared DNA from herbarium specimens of 10 species and fresh tissue from 3 additional species collected in the north-eastern Harz region in Germany, from which we amplified ITS2, which was sequenced and compared with ITS2-sequences of 18 additional Crepis species, available from the EMBL databases. In particular we included those species occurring in the vicinity of Schaffhausen, northernmost
Switzerland (Heß et al. 1970) where the B chromosome-positive C. capillaris population was first identified (Rutishauser 1960) . We focussed particularly on C. dioscoridis, C. tectorum C.
nicaeensis, C. leontodontoides and C. aspera because chromosome fragments in artificially induced species hybrids have been described in crosses with C. capillaris (Navashin 1927 , Hollingshead 1930 , Grob 1966 , Avery 1930 , Doerschug and Miksche 1976 .
Neighbour-joining phylogenetic analyses (Swofford, 2002) of the sequence data ( Fig. 7) did not identify a species that contained an ITS2 sequence that was more similar to either of the B chromosome sequences than that of the C. capillaris A chromosomes. This reinforces the mutational analysis and suggests strongly that that the B rDNA was derived from the A chromosome followed by divergence time into major (ITS-B1) and minor (ITS-B2) gene clusters. A parsimony analysis of the ITS sequences resulted in identical taxon groups as found in the neighbour-joining tree (data not shown).
DISCUSSION
These experiments provide the first molecular demonstration of transcription of B chromosome DNA. These chromosomes, which have the capacity to accumulate through generations or during mitosis, have generally been considered to be genetically, though not functionally, inert. There is ample evidence that they have a great variety of exo-and endophenotypic effects (Jones and Rees 1982; Puertas 2002 ).
Here we have shown that B chromosomes are not genetically inert but it appears unlikely, in the case of these rDNA clusters, that they make a pro rata contribution to the functional ribosome population. We cannot distinguish whether all the ITS-B1 type genes are transcribed at a low level or whether a few are transcribed and others are inactive. Of course, this same uncertainty applies for the A chromosome NOR, and it appears that most plants have a large excess of rRNA genes above the number that is capable of producing the amount of RNA required by somatic cells (Kavanagh and Timmis 1986) . Togby (1943) fragment is retained rather than lost it could evolve into a B chromosome. Babcock (1942) presented an extensive analysis of the systematics, cytogenetics and evolution in Crepis species and argued that species with lower chromosome numbers appeared to be derived from species with higher numbers. C. fuliginosa and C. capillaris are both species with the lowest diploid number found in the genus: 2n = 6.
If a similar kind of chromosome rearrangement was responsible for the evolution of the B chromosome in C. capillaris it is still necessary to provide an explanation for the source, If the B was derived from a centric fragment lacking rRNA genes it is possible that the latter relocated as a result of a transposition event (Schubert and Wobus 1985) . B chromosomes carry many transposable elements and there are numerous reports of variation in NOR location within individuals (Hall and Parker 1995) suggesting that rRNA genes are mobile.
Babcock (1942) also reports that many variations from the typical diploid number are found in Crepis including both trisomics and polyploids in C. capillaris and C. tectorum.
Furthermore, Babcock and Navashin (1930) described a trisomic plant in C. tectorum in which the extra member was an atypical satellited chromosome. It is possible that this chromosome was in fact a B chromosome, though not recognised as such. The cohabitation of diploids and tetraploids of the same or closely related species provides an ideal environment for a scenario similar to that described by Sapre and Deshpande (1987) in Coix L. where a B chromosome was generated spontaneously as a result of the crossing of two allopatric species C. gigantica (2n=20) and C. aquatica (2n=10) followed by natural backcrossing of the hybrid yielding a C. aquatica (2n=10 + 1B) where the B was derived as a relic from C. gigantica. Crossing of diploid and tetraploid C. capillaris plants or crosses with C. tectorum (with which it forms hybrids, Babcock 1942) plants followed by natural backcrossing to the diploid could readily lead to the formation of a B chromosome. However, the phylogenetic analysis of the ITS2 regions from 28 other Crepis species including C.
nicaeensis (Grob 1966) , C. leontodontoides (Avery 1930), C. aspera (Navashin 1927) , C.
tectorum and C. dioscoridis (Doerschug and Miksche 1976) with which C. capillaris forms hybrids did not indicate that any of them was a more likely donor of the B chromosome rRNA genes than was the A genome of C. capillaris.
As suggested above a possible explanation for the extensive sequence variation between the ITS1 and ITS2 regions of the A and B chromosomes is that lack of meiotic pairing of the As and Bs and the stability of Bs as univalents releases them from of concerted evolution with the A chromosome rDNA (Liao 1999) . This is further supported by the lack of identification ITS-B2  TCGAACCCTGCTAAGCAGAACGACCCGTGAATCTGTAAAAACAACTGGGTGATGGGGTGA 60  ITS-A  TCGAACCCTGCTAAGCAGAACGACCCGTGAATCTGTAAAAACAACTGGGTGATGGGGTGA 60  ITS-B1 TCGAACCCTGCTAAGCAGAACGACCCGTGAATCTGTAAAAACAACTGGGTGATGGGAGGA 60 ******************************************************** ** ITS-B2  TACACCTTGGCCTTGATCCTCAAAGACCCC-TGGCTTGCAGACATGGTGTCTCTTTTGGG 119  ITS-A  TAGACCTTGGTCTTGATCCTCAAAGCCCCCCTGGCGTGCAGAAATGGTGTCTCTTTTGGG 120  ITS-B1 TAGACCTTGGTCTTGATCCTCAAAGCCCCC-TGGCATGCATACATGGTGTCGCTTTTTGT 119 ** ******* ************** **** **** **** * ******** ***** * NsiI restriction site
TGACCCATGGATGTCTTGTTAGACTAACAAACCCCGGCACGGAATGTGCCAAGGAAAACA 179 ************ *** ** ************************************** *
ITS-B2 AACTATGAGAAGGACACATCCTGTTATGCCCCGTTTTCGGTGT-GCACGCTGGTCGTGGC 238 ITS-A AACCATGAGAAGGACACATCCTGTTATGCCCCGTTTTCGGTGT-GCATGCTGGTCGTGGC 239 ITS-B1
AAATATGAGAAGGACTCGTCCAGTTATGCCCCGTTTACGGTGTTGCATGTTGGTCGTGGC 239 ** *********** * *** ************** ****** *** * ********** ↓ start of 5.8S coding sequence
CTCCTTTGAATCACAAACGACTCTCGGCAACGGATATCTCGGCTCACGCATCGATGAAGA 299 ** ********* ************ ********************************* primer P2 ITS-B2  ACGTAGCAAAATGCAATACTTGGTGTGAATTGCAGAATCCCGTGAACCATCGAGTTTCTG 358  ITS-A  ACGTAGCAAAATGCGATACTTGGTGTGAATTGCAGAATCCCGTGAACCATCGAGTTTTTG 359  ITS-B1 ACGTAGCAAAATGCGATACTTGGTGTGAATTGCAGAATCCCGTGAACCATCGAGTTTTTG 359 ************** ****************************************** ** start ITS2 sequence primer XF58S: 3' nucleotides ↓ ITS-B2 AACGCAAGTTGCGCCCGAAGCCATCCGGTTGAGGGAACGCCTGCCTGGGCGTCACGCATC 418 ITS-A AACGCAAGTTGCGCCCGAAGCCATCCGGTTGAGGGCACGCCTGCCTGGGCGTCACGCATC 419 ITS-B1 AACGCAAGTTGCGCCCGAAGCCATCCGGTTGAGGGCACGCCTGCCTGGGCGTCACGCATC 419 *********************************** ************************ primer B1 ITS-B2 GCGTCGCCCCCCACCAGACTTCTCCTAGCGGGTTGTGTTGGTGTTTGGGGGCGTAGATTG 478 ITS-A GCGTCGCCCCCCACCACACTTCTCCTAACGGGCTGTGTTGGTGTTTGGGGGCGGAGATTG 479 ITS-B1 GCGTCGCCCCC-ACCACACTCATCCTAACGGTTTGTTTTGGTGTTTTGGGGCGGATATTG 478 *********** **** *** ***** *** *** ********* ****** * ****
ITS-B2 GCCTCCCGTGCTTGTAGTGCGGGCGGCCTAAATAAGAGTCCCCTTCAGTGGATACACGGC 538 ITS-A GCCTCCCGTGCTTGTAGTGCGGTTGGCCTAAATAAGAGTCCCCTTCAGTGGATACACGGC 539 ITS-B1
GCCTCCTGTTCTTTTAGTGCGGTTGGCCTAAATAGGAGTCCCCTTCAGTGGATACACGGC 538 ****** ** *** ******** ********** ************************* primer A ITS-B2  TAGTGGTGGTTGTATCGACCCTCGTATTTTTCCGTGTGTTGTGAGCTGCTAGGGTTCCCT 598  ITS-A  TAGTGGTGGTTGTATTGACCCTCGTATTTTGCCGTGTGTTGTGAGCTGCTAGGGTTCCCT 599  ITS-B1 TAGTGGTGGTTGTATTGACCCTCGTATTTT-CCGTGTGTCGTGAGCTGCTAGGGTTCGCT 597 *************** ************** ******** ***************** ** ITS-B2  GATCAAAGACCCCTGTGTATCGTTCTTCAAAGGACGGTGCTTCGA 643  ITS-A  CATCAAAGACCCCAGTGTATCGTTCTTCTCAGGACGGTGCTTCGA 644  ITS-B1 CATCAAAGACCCCATTGCATCGTTCTTCTTAGGACGGTGCTTCGA 642 ************ ** ********** ***************
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Figure 3 primers. PCR products amplified using P1 and A as primers from 0B total plant DNA (lanes 1 and 3), 2B total plant DNA (lanes 5 and 7), clones derived from 0B total plant DNA (lanes 9 and 11), clones derived from micro-dissected B chromosome DNA (lanes 13 and 15). PCR products amplified using P1 and B1 as primers from 0B total plant DNA (lanes 2 and 4), 2B total plant DNA (lanes 6 and 8), clone derived from 0B total plant DNA (lanes 10 and12), clones derived from micro-dissected B chromosome DNA (lanes 14 and 16). Fragment sizes are indicated in base pairs 
